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SUMMARY 
The p u r p o s e o f t h i s i n v e s t i g a t i o n was t o d e t e r m i n e a s y s t e m a t i c 
a p p r o a c h t o a t h e o r e t i c a l d e s i g n o f a s h r o u d f o r a s h r o u d e d - p r o p e l l e r 
c o m b i n a t i o n o p e r a t i n g i n t h e s t a t i c t h r u s t c o n d i t i o n , , The a s s u m p t i o n s 
made w e r e : s t e a d y f l o w , a x i a l symmetry , and i n c o m p r e s s i b l e f l o w , so 
t h a t t h e method o f s i n g u l a r i t i e s c o u l d b e usedo 
R e s u l t s o f t h i s s t u d y show t h a t a p r o c e d u r e c a n b e e s t a b l i s h e d 
b y which a s h r o u d i s d e s i g n e d f o r a g i v e n s e t o f i n i t i a l cond i t ions< , 
The p r o c e d u r e c o n s i s t s , f i r s t , o f d e t e r m i n i n g , from t h e i n i t i a l c o n d i -
t i o n s , an i n i t i a l l y assumed mean camber l i n e a l o n g wh ich v o r t e x r i n g s 
of p r o p e r s t r e n g t h a r e s u p e r i m p o s e d a n d , s e c o n d l y , of f i t t i n g t h e 
r e s u l t i n g b o u n d a r y s u r f a c e t o a c o r r e s p o n d i n g i n n e r c o n t o u r o f a MCA 
Four D i g i t a i r f o i l s e c t i o n , o r some o t h e r known s h a p e s e l e c t e d f o r t h e 
sh roud i n n e r s u r f a c e , , An e x t e n s i o n o f t h e b o u n d a r y s t r e a m s u r f a c e 
d e t e r m i n e s t h e o u t e r c o n t o u r „ 
An a n a l y s i s o f t h e two major s u b d i v i s i o n s o f t h e p r o c e d u r e 
r e f e r r e d t o a b o v e , w i t h a sample s o l u t i o n u t i l i z i n g p r o c e d u r e s d e v e l o p e d , 
c o m p r i s e t h e main s e c t i o n o f t h i s worko 
For a n y g i v e n d i s t r i b u t i o n o f t h e s i n g u l a r i t i e s t h a t a r e u s e d , 
t h e v e l o c i t y components a t t h e s u r f a c e o f t h e s h r o u d can be a p p r o x i -




Theoretical methods for calculating shroud shapes are known in 
the case of a shrouded propeller with a free stream velocity. Basically, 
the principle involved is the selection of streamline of flow for any 
given free stream condition which passes through a desirable reference 
point for the shroud trailing edge, as, for example, a point located 
a distance equal to an assumed cylindrical wake radius from the axis 
of symmetry. Having selected a reference point, and since the Kutta 
conditions must "be met, the trailing edge and the forward extension of 
the trailing edge stream surface furnishes the shroud mean camber line. 
An iterative process of bound vortex strength distribution along the 
initial and subsequent mean camber lines can be used to obtain the de-
sired shape. The thickness distribution and the contour of the shroud 
can then be designed by methods given in references 1 and 2. 
The problems of design are considerably complicated under the 
conditions of static thrust in that there is no leading edge stagnation 
point such as exists in the case where there is a free stream velocity. 
As a beginning in the design, some point along an. assumed wake boundary 
can be arbitrarily selected as the trailing edge and serve as a reference 
point. Hence, with an arbitrarily fixed trailing edge, the problem of 
determining a proper length and shape of the mean camber line is the 
initial obstacle to the design of a propeller shroud under conditions of 
static thrust. Secondly, from a practical standpoint, the inner contour 
2 
of t h e t h e o r e t i c a l shroud must subsequent ly be ad jus ted t o some s a t i s -
f ac to ry curve , 
The au tho r i s unaware of any t h e o r e t i c a l methods a v a i l a b l e in 
t h e l i t e r a t u r e a t t h i s t ime for t h e des ign of p r o p e l l e r shrouds under 
cond i t ions of s t a t i c t h r u s t . I t i s in tended , t h e r e f o r e , t o p resen t a 
s u i t a b l e means of des ign , under t h e assumptions of s teady flow, a x i a l 
symmetry, and incompress ible flow. 
To f ind examples of p r a c t i c a l needs for t h e o r e t i c a l design of 
p r o p e l l e r shrouds under cond i t ions of s t a t i c t h r u s t , one may t u r n t o t h e 
gene ra l f i e l d of hover ing- type a i r c r a f t and underwater devices wi th neg-
l i g i b l e forward v e l o c i t i e s , which a r e of immediate concern and i n t e r e s t 
t o t he Armed Forces . 
Steady flow implies an i d e a l i z e d p r o p e l l e r wi th an i n f i n i t e 
number of b l a d e s . 
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CHAPTER I I 
ANALYSIS 
G e n e r a l C o n s i d e r a t i o n s „ " -G iven t h e p r o p e l l e r t h r u s t , t h e d i a m e t e r o f t h e 
wake , and w i t h t h e a s s u m p t i o n t h a t t h e wake i s c y l i n d r i c a l , t h e wake 
v o r t e x s h e e t s t r e n g t h , 7 , can be computed from t h e r e l a t i o n s h i p 




 p j t R o y 
2 
With t h e sheet s t r e n g t h known, the boundary sur face can be p l o t t e d for 
t he flow f i e l d , provided a shroud bound vor t ex s t r e n g t h d i s t r i b u t i o n i s 
placed along an assumed mean camber l ine, , A procedure t o be followed 
in determining t h e most s u i t a b l e mean camber l i n e wi th regard t o l eng th 
and shape w i l l be covered in some d e t a i l l a t e r in t h i s a n a l y s i s . The 
p r o c e s s , though i t e r a t i v e , i s s y s t e m a t i c . Condit ions s a t i s f i e d by t h i s 
i t e r a t i v e procedure a r e p r i m a r i l y two: 
a . Determining a p r e l imina ry , f i r s t e s t i m a t e , inner contour shape 
wi th in l i m i t s of pe rmis s ib l e shroud contour expansion angle measured from 
t h e v e r t i c a l p o s i t i o n and a tangent l i n e t o t h e shroud inner sur face and 
pass ing through t h e s e l e c t e d re fe rence po in t a t t h e shroud t r a i l i n g 
edge (see Figure l ) . 
b . Assuring n e g l i g i b l e wake c o n t r a c t i o n up t o some s e l e c t e d d i s -
t a n c e , say 3R /2 below t h e h o r i z o n t a l p lane passed through t h e re fe rence 
poin t s e l e c t e d (see Figure l ) . 
k 
The second major subdivision of the design problem is one of utili-
zing a procedure developed by Professor Walter Castles, Jr. and Dr. Robin 
Gray (reference 2). Following the steps of the method outlined, the 
inner contour of the unit stream surface (total value of the stream 
surface non-dimensionalized to unity) plotted for the above can be made 
to coincide with the desired inner contour of a known airfoil section. 
The outer contour is outlined by extending the plot of the inner shroud 
surface streamline around to a desired cut off point (see Figure 2). 
With a known shroud vortex distribution, the velocity components 
of the flow can be determined (reference l). It follows, then, that 
for the assumed propeller having a very large number of blades, the 
pressure distributions along the surface of the designed propeller 
shroud can be found by application of Bernoulli*s Theorem, which gives 
for the pressure, p, at any point (x, r) ahead of the propeller 
p - p = r p ( V 2 + V 2 ) ¥Q v 2 ^ x r ' 
For points behind the propeller it is necessary to substitute 
Pw = \ P7
 2 + P0 
for p in the above equation. The radia l and ax ia l veloci ty components, 
v , v for the vortex ring and uniform source d i s t r ibu t ion over a disk 
X .X. 
are given in tabular form by Kucheman and Weber (reference l). Areas 
not covered in the tabular solutions can be solved for by methods out-
lined in the appendix of this reference„ 
Pressure distribution formulas are approximate since the number 
of propeller blades is finite and the rotational component of velocity, 
V^, due to torque, has been omitted. 
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Method of S i n g u l a r i t i e s in Determining Stream Surfaces for S t a t i c 
Thrus t . -°The concept of t h e s t ream funct ion in t h e two dimensional flow 
can be extended t o a x i a l l y symmetric flow without a f ree s t ream v e l o c i t y . 
F u r t h e r , i t i s shown in r e fe rence 1 t h a t the flow f i e l d of a uniform 
s ink d i s t r i b u t i o n on a c i r c u l a r d i s k i s i d e n t i c a l t o flow induced by a 
uniform vor tex cy l inde r of cons tan t s t r e n g t h and s e m i - i n f i n i t e l eng th 
except for a reg ion i n s ide t h e wake where a v e l o c i t y component equal t o 
t h e s t r e n g t h of t he bounding vor tex shee t must be added. Considering 
t hen , t h e value of t h e s t ream func t ion , \|r' , for t h e flow due t o t he 
vo r t ex cy l inder 
2 
\|/' = itr 7 - \Jr 
for t he r eg ion» ins ide t h e wake and below t h e p lane of t h e s i n k d i s k 
and \|/' = \|r for t h e region o u t s i d e t h e wake (see Figure 3 ) , on t h e 
boundary of t h e u l t i m a t e wake t h e va lue of t h e stream funct ion i s 
\|/' = it R ^ 7 „ However, s ince t h e a x i a l component of t h e induced v e l o -
o 
c i t y a t t h e s ink d i s k p lane i s v = 7 / 2 , i t follows t h a t a t t h e s ink 
o 
d i s k boundary V = it R 7 / 2 o r a " d e f i c i t " e x i s t s in t h e volume 
flow. De f i c i t = ^ R ̂  7 - v) = it R 2 7 / 2 . The d e f i c i t a t any po in t 
along t h e assumed c y l i n d r i c a l wake boundary can be determined by sub-
t r a c t i n g from ^ of t h e u l t i m a t e o u t e r wake boundary t h e computed value 
of \|/' . This q u a n t i t y must be ad jus ted t o zero by t h e p r o p e l l e r shroud 
and i s a funct ion of t he wake vor tex sheet s t r e n g t h . For example, t h e 
d e f i c i t a t t h e t r a i l i n g edge of t h e proposed shroud i s 
IT - V - i t R Q
2 ( 7 - 7/2) = itRo
27/2 
6 
The values of t he s t ream funct ion for a vo r t ex r i n g , having a 
un i t s t r e n g t h and a u n i t r a d i u s , have been c a l c u l a t e d by Kucheman and 
Weber, and a r e given as Table 3 , r e fe rence 1. Also given in r e fe rence 
1 a r e t h e v e l o c i t y components, v _, v fo r t h e u n i t s t r e n g t h vor t ex r i ng 
having a u n i t r ad ius ( r e fe rence 1, Tables 1 and 2'). A d d i t i o n a l va lues 
o u t s i d e of t he computed and t a b u l a t e d reg ions can be solved for from 
formulas given in t he appendix of t h i s r e f e r ence . 
With t he above q u a n t i t i e s defined and t he shrouded p r o p e l l e r 
t h r u s t g iven , an approximate s o l u t i o n of t he flow f i e l d i s p o s s i b l e . 
Any shroud wi th s u f f i c i e n t vo r t ex s t r e n g t h d i s t r i b u t i o n along i t s mean 
camber l i n e to make up t he computed d e f i c i t in t h e va lue of t h e stream 
funct ion a t t h e t r a i l i n g edge of t he shroud w i l l , when added t o the 
va lue of t he s t ream funct ion for t he s i nk d i s t r i b u t i o n , permit an approx-
imate s o l u t i o n for a flow f i e l d . The u n i t s t ream sur face of t h e above 
w i l l pass through t he t r a i l i n g edge and t h e form o u t l i n e d by t h e u n i t 
s t ream sur face can be replaced by a s o l i d body in the flow f i e l d . Hence, 
an approximate s o l u t i o n i s a s s u r e d . The problem i s much more complex, 
however, in t h a t a proper d i s t r i b u t i o n of vor t ex s t r e n g t h must be made 
along a s u i t a b l y pos i t i oned mean camber l i n e in o rder t o s a t i s f y t h e con-
d i t i o n of an assumed c y l i n d r i c a l wake and shroud contour expansion angle 
cond i t i on . In a d d i t i o n , an a r b i t r a r y shroud w i l l not g ive inner and 
ou t e r wake boundaries which even approximately co inc i de . As an i l l u s -
t r a t i o n of t h i s d i f f i c u l t y , which a l s o e x i s t s for t h e case of t h e un-
shrouded r o t o r or p r o p e l l e r , Figures k and 5 a r e reproduced from re fe rence 
5-
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Adaption of t he Method of S i n g u l a r i t i e s t o t h e Design of Shrouds in 
S t a t i c Thrus t . - -As r e f e r r e d t o e a r l i e r in t h i s work, a proper s e l e c t i o n 
of an assumed mean camber l i n e for a proposed t h e o r e t i c a l shroud i s 
e s s e n t i a l in s a t i s f y i n g c e r t a i n boundary c o n d i t i o n s . In t h i s s e c t i o n 
a t t e n t i o n i s focused on t h e s o l u t i o n of t h i s problem. 
An. angle between a v e r t i c a l r e fe rence l i n e pass ing through t h e 
t r a i l i n g edge s t a g n a t i o n po in t and t h e tangent t o t h e shroud a t t h i s 
po in t i s defined as t h e shroud contour expansion a n g l e . (See F igure l ) 
I t has been found from t h e exper ience of o the r s in shroud des ign t h a t 
in t he case of the shroud with a l a r g e f ree s t ream v e l o c i t y , s e p a r a t i o n 
of flow along the inner contour of t h e shroud occurs i f t h e angle of 
shroud contour expansion exceeds approximately 10°. A shroud without 
a f r ee s t ream v e l o c i t y , i t has fu r the r been l ea rned , may have a s l i g h t l y 
increased angle of expansion without a flow sepa ra t i on along t h e inner 
contour of t h e shroud. T h i s , t hen , e s t a b l i s h e s one of t he c r i t e r i a t o 
b e met. 
The second c o n s i d e r a t i o n , int roduced by t h e use of t h e t a b u l a t e d 
va lues for t h e vor tex c y l i n d e r , i s a camber l i n e p o s i t i o n and a bound 
vor tex s t r e n g t h d i s t r i b u t i o n such t h a t t he wake v a r i a t i o n from a c y l i n -
d r i c a l shape i s n e g l i g i b l e . A l l t h a t i s a c t u a l l y requi red i s t h a t t he 
wake boundary remain c y l i n d r i c a l t o a d i s t a n c e below t h e s i nk d i s k plane 
to a point beyond which e f f e c t s of t h e v a r i a t i o n s from t h e c y l i n d r i c a l 
wake cond i t ion can be neg l ec t ed , 
With a given p r o p e l l e r t h r u s t and wake boundary d iamete r , t he 
s t r e n g t h of t h e wake bound vor t ex s h e e t , 7 , can be determined from 
pjtR 2 7 




With t h e wake hound vor t ex sheet s t r e n g t h known, i t was shown in Chapter 
I I , s e c t i o n 2 , t h a t t h e d e f i c i t can he computed fo r any po in t along the 
wake boundary. I t was a l s o s t a t e d p rev ious ly t h a t t h e wake v a r i a t i o n 
from a c y l i n d r i c a l shape must he minimized for a d i s t a n c e below t h e 
s ink d i sk plane w i t h i n which e f f e c t s of sa id v a r i a t i o n can not he n e -
g l e c t e d . Past exper ience , a g a i n , has shown t h a t a reasonable d i s t a n c e 
below t h e s ink p lane i s approximately 3RQ /2 . There fore , i f a shroud of 
proper dimension and p o s i t i o n i s designed which w i l l make up t h e d e f i c i t 
along t h e wake boundary for a d i s t a n c e of approximately }R / 2 , t h e second 
s t a t e d c r i t e r i a i s s a t i s f i e d . Concur ren t ly , t h e r eader i s reminded t h a t 
t h e shroud contour expansion angle l i m i t s a r e not t o be v i o l a t e d - For 
example, i f t he bound vor tex s t r e n g t h d i s t r i b u t i o n i s as shown in Figure 
6 , t he wake cond i t ion i s very n e a r l y s a t i s f i e d , but t h e bound vor tex 
s t r e n g t h d i s t r i b u t i o n along t h e assumed mean camber l i n e i s such as t o 
cause an obviously excess ive expansion a n g l e , thus e l im ina t i ng t h i s 
p a r t i c u l a r d i s t r i b u t i o n from the s tandpoin t of a p r a c t i c a l s o l u t i o n . 
I t w i l l be shown l a t e r t h a t t h e ou te r s t ream sur face can be ad jus ted 
cons ide rab ly , whereas t h e inner contour i s r e l a t i v e l y immovable the reby 
r u l i n g out t h e shroud of Figure 6 as a p o s s i b l e s o l u t i o n . 
With s e v e r a l v a r i a b l e s t o be considered s imul t aneous ly , and work-
ing in t h r e e dimensions, e s t a b l i s h i n g a workable procedure has been one 
c h i e f l y of t r i a l and er ror„ The most f e a s i b l e sequence encountered in 
t h i s s tudy i s one where, f i r s t t h e d e f i c i t s a t t h e t r a i l i n g edge, and 
a t one-ha l f assumed wake rad ius i n t e r v a l s , t o t h r e e - h a l v e s assumed wake 
rad ius below t h e p lane of t h e s ink d i s k p l a n e , a r e computed. Next an 
a r b i t r a r y mean camber l i n e i s assumed. The a u t h o r , in t h i s s tudy , found 
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t h a t i t was necessa ry t o assume a mean camber l i n e wi th a l eng th of 
approximately RQ to ob t a in a shrouded a i r f o i l o f reasonable t h i c k n e s s . 
An approximation t o a continuous d i s t r i b u t i o n of bound vor t ex s t r e n g t h 
along t he mean camber l i n e of t h e shroud can be made by s e l e c t i n g vor t ex 
r ings of proper s t r e n g t h a t one -qua r t e r RQ i n t e r v a l s (or l e s s for g r e a t e r 
accuracy) along t h e mean camber l i n e . The values of t h e s t ream func t ion , 
inc luding t h e increments from the se spaced vor t ex r i n g s , a r e then ob-
t a i n e d by computing values of Y a t p o i n t s ly ing along p lanes midway 
between spaced r i ngs in the flow f i e l d and subsequent ly f a i r i n g t he 
t o t a l 'f curve and jo in ing po in t s of equal va lue t o ob ta in t h e des i red 
s t ream sur face (see Figure 7 ) . 
I n i t i a l l y , t h e mean camber l i n e i s assumed t o be a s t r a i g h t l i n e 
of length RQ beginning a t t he i n i t i a l l y s e l e c t e d re fe rence p o i n t , t h e 
t r a i l i n g edge„ D i s t r i b u t i o n of bound vor t ex s t r e n g t h approximated by 
f i n i t e s t r e n g t h r ings t o be d iscussed subsequent ly , i s spaced a t R /k 
i n t e r v a l s (or l e s s ) along t he mean camber l i n e . Beginning w i th p o s i t i o n 
1 of Figure 8, t he flow f i e l d i s p l o t t e d t o e s t a b l i s h an o u t l i n e of the 
un i t s t ream s u r f a c e , which forms t h e inner contour of t h e proposed 
shroud. As only an approximation i s necessa ry t o determine t h e g e n e r a l 
form of t he inner contour a t t h i s t i m e , i t i s suggested t h a t a minimum 
number of po in t s be p l o t t e d t o save t ime and e f f o r t . Concurrent ly wi th 
p l o t t i n g t he inner contour of the shroud, t h e s t ream sur face i s determined 
I t w i l l be l a t e r noted t h a t t h e dimension assumed i s not t he 
t r u e length of t h e mean camber l i n e , merely t h e d i s t a n c e of t h e f u r t h e r -
most vo r t ex r ing along the mean camber l i n e . The t r u e dimension of t he 
shroud w i l l vary wi th the p o s i t i o n of t h e mean camber l i n e and t h e d i s -
t r i b u t i o n of the bound vor t ex s t r e n g t h along same. 
10 
a t s e l e c t e d po in t s below t h e p lane of t h e s i nk disko This process i s 
repeated for each of s e v e r a l p o s i t i o n s shown in Figure 8« The process 
i s n e c e s s a r i l y t ime-consuming; hence, as s t a t e d p r e v i o u s l y , i t i s sug-
ges ted t h a t only a minimum number of p o i n t s be p l o t t e d i n i t i a l l y t o 
e s t a b l i s h t h e inner contour and t h a t t he wake shape be checked a t R /2 
i n t e r v a l s up to 3>R0/2 below the p lane of t h e s ink d i s k for s e v e r a l p o s i -
t i o n s shown in Figure 8. 
Before t h e above computations can be accomplished, however, a 
s u i t a b l e d i s t r i b u t i o n along t he assumed mean camber l i n e must be made. 
A d i s cus s ion of bound vor tex s t r e n g t h d i s t r i b u t i o n can be found in re f -
erence 2 , which i s a l s o a p p l i c a b l e t o t he des ign of shrouds in t h e case 
of s t a t i c t h r u s t . Without a d e t a i l e d t rea tment of t h e sub jec t of bound 
vor t ex s t r e n g t h d i s t r i b u t i o n , i t should be apparent t h a t each type of 
d i s t r i b u t i o n w i l l y i e l d a d i f f e r e n t l y shaped shroud and t h a t an i n f i n i t e 
number of p o s s i b l e d i s t r i b u t i o n s e x i s t . From t h i s s tudy i t was d e t e r -
mined t h a t a s u i t a b l e d i s t r i b u t i o n was one as shown in Figure 9° D i s -
t r i b u t i o n of bound vor t ex s t r e n g t h was computed d i r e c t l y by determining 
t he s t r e n g t h s necessa ry a t po in t s p ^ , Pp , p , , and p. t o make up equal 
p o r t i o n s of t h e t o t a l d e f i c i t a t t h e t r a i l i n g edge of t h e shroud„ The 
d e f i c i t a t t he t r a i l i n g edge i s jtR 7/2 , t h e r e f o r e , t h e amount of 
t o t a l d e f i c i t t o be made up by p . , p 2 , r , , and p> i s • 
-^It was found t h a t t h e l i m i t s of p o s i t i o n s shown in F igure 8 
bound an accep t ab l e s o l u t i o n for a length of t he mean camber l i n e of 
R . A p o s i t i o n of t he assumed mean camber l i n e t h a t i s too v e r t i c a l 
w i l l cause t he computed va lue of t he s t ream funct ion t o v i o l a t e the 
shroud contour expansion angle cond i t ion- Too l a rge an i n c l i n a t i o n 
w i l l a l t e r t he wake boundary, forming wake shapes d i f f e r i n g cons ide r -
a b l y from a shape which i s c y l i n d r i c a l . 
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The i n c r e m e n t o f f l u i d c o n t r i b u t e d b y e a c h r i n g v a r i e s w i t h t h e d i s t a n c e 
from t h e t r a i l i n g edge and t h e r a d i u s o f t h e r i n g ( r e f e r e n c e l ) . T h e r e -
f o r e t h e s t r e n g t h o f e a c h r i n g w i l l b e 




whe re A\jrn i s t h e i n c r e m e n t o f n t h r i n g p e r u n i t s t r e n g t h r i n g h a v i n g 
u n i t r a d i u s . 
When t h e i n n e r c o n t o u r h a s b e e n s k e t c h e d i n , and t h e wake b o u n d -
a r y checked f o r each of s e v e r a l p o s i t i o n s shown i n F i g u r e 8 , a s e l e c -
t i o n o f t h e p o s i t i o n most n e a r l y m e e t i n g t h e r e q u i r e d c o n d i t i o n s i s 
made. 
F u r t h e r improvement i n b o t h wake b o u n d a r y s h a p e and s h r o u d c o n -
t o u r e x p a n s i o n a n g l e can b e o b t a i n e d when t h e a s s u m e d , s t r a i g h t mean 
camber l i n e o f t h e s h r o u d i s r e p l a c e d by a p a r a b o l i c c u r v e , o r some 
o t h e r s u i t a b l e curve„ 
Wi th t h e above p r o c e d u r e a c c o m p l i s h e d , t h e v a l u e f o r t h e d e s i r e d 
s t r e a m f u n c t i o n i s p l o t t e d , p a y i n g p a r t i c u l a r a t t e n t i o n t o t h e i n n e r 
c o n t o u r o f t h e sh roud and t o t h e wake s h a p e t o o b t a i n a n a c c u r a t e p l o t . 
For r e a s o n s t o b e b r o u g h t o u t i n t h e n e x t s e c t i o n o f t h i s c h a p t e r , 
d e a l i n g w i t h t h i c k n e s s d i s t r i b u t i o n , t h e o u t e r c o n t o u r o f t h e p r o p o s e d 
sh roud can be s k e t c h e d i n r o u g h l y a t t h i s p o i n t i n t h e d e s i g n . 
To r e c a p i t u l a t e t h e b a s i c s t e p s o f t h e p r o c e d u r e o f sh roud 
d e s i g n c o v e r e d i n t h i s s e c t i o n , t h e f o l l o w i n g o u t l i n e i s p r e s e n t e d : 
1 . From t h e i n i t i a l c o n d i t i o n s , compute 7 and s e l e c t a 
mean camber l i n e d i m e n s i o n . 
2 . Wi th d i s t r i b u t i o n a s shown i n F i g u r e 9 }
 o r some o t h e r 
s u i t a b l e d i s t r i b u t i o n , s e l e c t t h e b e s t s t r a i g h t l i n e 
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camber l i n e by i t e r a t i n g through s e v e r a l of t h e p o s i t i o n s 
shown in Figure 8 . 
3 . F i t a s u i t a b l e curve to the end po in t s of t he s t r a i g h t 
l i n e wi th t he bes t i n c l i n a t i o n and repea t i t e r a t i o n for 
one p o s i t i o n on each s ide of t he o r i g i n a l l y s e l e c t e d 
camber l i n e . 
k. P lo t t he d e s i r e d s t ream sur face for t h e bes t s u i t e d mean 
camber l i n e . 
With t he above performed, t h e u n i t s t ream sur face with resemble 
the form shown in Figure 10. 
U t i l i z a t i o n of Known Inner Contour Surfaces as Corresponding Inner 
Surfaces of T h e o r e t i c a l Shroud.—When the s t eps o u t l i n e d in t he p r e -
ceding s e c t i o n s of t h i s chapter have been completed, t h e (x , r ) f i e l d 
i s p l o t t e d for reg ions in the v i c i n i t y of t h e u n i t va lues of the 
stream, sur face and the contour of t he shroud i s determined. In t h e 
gene ra l c a se , t he r e s u l t i n g shape w i l l resemble t he form shown in 
Figure 10. 
I f t he inner sur face of t h i s shroud could be " f i t t e d / * t h a t i s , 
expanded in to a s l i g h t l y a l t e r e d shape , i t would be p o s s i b l e t o u t i l i z e 
e i t h e r a s tandard NACA a i r f o i l s e c t i o n , or use t h e formula given in 
re fe rence k for t he computation of a i r f o i l s e c t i o n s , and determine a 
s e c t i o n of des i r ed t h i c k n e s s . U t i l i z a t i o n of known a i r f o i l s e c t i o n s 
in t h i s manner would be very d e s i r a b l e in t h a t i t would permit using 
shapes which a r e known t o have smooth p r e s s u r e d i s t r i b u t i o n s for t he 
important inner contour of t he t h e o r e t i c a l shroud. 
Measuring maximum th i ckness of t h e shroud in a d i r e c t i o n p e r -
pend icu la r to t he mean camber l i n e one may, a t t h i s p o i n t , s e l e c t a 
MCA wing s e c t i o n , or compute one, whose inner contour i s s l i g h t l y 
t h i c k e r than the shroud contour obta ined in. t h e previous s e c t i o n . 
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This selected thickness distribution for the inner shroud contour can be 
laid out along the mean camber line of the theoretical shroud. 
Professor Walter Castles, Jr» and Robin Bo Gray have developed a 
method of shroud thickness distribution which is sufficiently accurate 
to allow the desired inner contour fitting (see reference 2)» Pairs of 
closely spaced vortex rings of opposite sign are placed well inside the 
thickness of the shroud. In general, it has been found to be good prac-
tice to place the pairs perpendicular to^ and straddling, the mean camber 
line. The number of pairs used, strengths, and locations along the mean 
camber line are completely arbitrary as long as they are well inside the 
thickness of the shroud. The effects, however, of the more closely 
spaced pairs are local in nature whereas a widely spaced pair will have 
an influence over a large region of the flow field., Further, a distri-
bution of weaker but more numerous vortex pairs will tend to resemble 
a continuous distribution along the mean camber line and will yield 
improved results„ It is advisable to begin the fitting process from an 
extension of the mean camber line position (see Figure 11) and work down 
toward the trailing edge of the shroud. Quite obviously, the effects 
of all pairs set out must be superimposed on the original flow pattern, 
the contour of the desired stream surface adjusts itself accordingly, 
and the fitting process is in this manner accomplished. 
During the fitting process, as well as observing carefully the 
inner contour of the designed shroud, attention must be paid to the wake 
boundary to assure little or no change from a cylindrical flow shape. 
Variation of the location, strengths, and spacings of the vortex pairs 
utilized in the fitting process will permit one to do this. As the 
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t r a i l i n g edge of t h e shroud i s approached wi th p a i r s of vo r t ex s t r e n g t h s 
during t h e f i t t i n g p rocedure , and having p rope r ly f i t t e d t h e upper 
p o r t i o n of t h e inner con tour , i t i s advantageous t o p o s i t i o n t h e plus 
vor tex r ing and t h e minus r ing in any p o s i t i o n s t r a d d l i n g t h e mean 
camber l i n e , which w i l l produce t h e des i r ed balanced t o t a l s t r e n g t h of 
t h e flow f i e l d in t he v i c i n i t y of t h e t r a i l i n g edge and in t h e wake. 
For example, i t may be found h e l p f u l t o r eve r se t h e p o s i t i o n s of t h e 
plus and minus r ings in o rder to ad jus t t h e va lues of \|r a t t h e t r a i l -
ing edge t o t h e des i r ed va lue of \|r t o t a l „ 
When an accep t ab l e adjustment of t h e inner contour of t h e t h e o -
r e t i c a l shroud has been made, t h e s t ream sur face o u t l i n i n g t h e shroud 
contour i s c a r e f u l l y p l o t t e d for t h e ou te r s u r f a c e . The shape w i l l 
resemble t h e form shown in Figure 2° 
I f a h o r i z o n t a l p lane i s passed through t h e o r i g i n a l l y s e l e c t e d 
t r a i l i n g edge, and n e g l e c t i n g a l l p o r t i o n s of t h e shroud below t h i s 
p l ane , a shroud shown in Figure 2 w i l l remain. The form o u t l i n e d , t hen , 
i s one which can be replaced by a s o l i d body in t h e flow f ie ld« 
Since the s t ream funct ion of t h e shroud i s known and t h e v e l o c i t y 
components of t h e flow can be determined from t a b l e s o r computed for 
any po in t along the sur face of t h e shroud, i t follows t h a t B e r n o u l l i ' s 
2 
Theorem w i l l permit computation of p r e s su re s along t h e shroud sur face 
I t i s not necessa ry t o pass a h o r i z o n t a l p lane through t h e 
re fe rence p o i n t , t h e t r a i l i n g edge, as shown in Figure 2 . The designed 
shroud may be "cut off" from i t s determined unuseable p o r t i o n a t any 
po in t d e s i r e d . 
2 
P res su re d i s t r i b u t i o n formulas given a r e approximate s i nce t h e 
number of p r o p e l l e r b lades i s f i n i t e and t h e r o t a t i o n a l component of 
v e l o c i t y , V , due t o t o r q u e , has been omi t t ed . 
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where 
1 2 2 
P "" P ** T̂ /° (V + V ) f ° r p o i n t s ahead of t h e p r o p e l l e r and 
o 2 x r 
1 2 
p = — /oy + p i s s u b s t i t u t e d for p fo r p o i n t s behind 
*w 2 o *o 




Figure 2 shows a form of a shroud obtained as a final result of 
procedures outlined in Chapter II. It is apparent from methods discussed 
that, as a consequence of the fitting process, identical initial condi-
tions may produce various shaped shrouds» This is possible since the 
shape of the outer contour is dependent upon the amount of expanding that 
is necessary for coincidence of the theoretical and the desired inner 
contours. Therefore, the selected airfoil section, to a great extent, 
determines the overall form of the shroud and the resulting solution 
is not unique. Another way of varying the designed shroud shape is to 
plot a stream surface slightly greater than unity» These contours 
will have a reduced thickness at the plane of the disk. 
The stream surface below the plane of the sink disk converges, 
gradually, to an extension of the assumed cyiindrically shaped wake 
(see Figure 2). Since it would be impractical to construct a shroud 
of such dimensions and shape, an arbitrarily established cut off plane 
is passed through the designed shroud and a useable portion of the entire 
shroud outline, lying above said plane, is thereby fixed. In Figure 2, 
the arbitrarily selected plane also passes through the trailing edge 
point of the shroud. The form remaining, above the plane, in Figure 2, 
is one which in practice can be replaced by a solid body. The inner 
contour of this solid body is that of either a standard EACA or com-
puted airfoil section,, The significance and importance of this result 
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l i e s in the fact that the most important port ion, the inner contour of 
a propel ler shroud, can be related to a i r f o i l sections for which the 
coordinates are readi ly avai lable0 
To determine pressures along the surface of the designed shroud 
entai ls the applicat ion of Bernoul l i ' s Theorem, using the equations, 




The r e s u l t s o f t h i s s t u d y show t h a t an a p p r o x i m a t e t h e o r e t i c a l 
s o l u t i o n can b e o b t a i n e d f o r t h e d e s i g n o f a s t a t i c t h r u s t p r o p e l l e r -
sh roud c o m b i n a t i o n u t i l i z i n g t h e method o f s i n g u l a r i t i e s . The f o l l o w -
ing a s s u m p t i o n s we re made: ( a ) s t e a d y f l o w , (b) a x i a l symmetry , and 
( c ) i n c o m p r e s s i b l e flow» I t i s f u r t h e r c o n c l u d e d from t h e r e s u l t s o f 
t h i s s t u d y t h a t p r o c e d u r e s o u t l i n e d i n t h i s r e p o r t f u r n i s h a p r a c t i c a l 
method f o r d e s i g n i n g p r o p e l l e r s h r o u d s „ The p r o c e d u r e s o u t l i n e d , t h o u g h 
n e c e s s a r i l y l e n g t h y , a r e q u i t e r e a d i l y u n d e r s t a n d a b l e and r e l a t i v e l y 




In order t o determine t h e ex ten t of t he p o s s i b l e inc rease in 
shrouded p r o p e l l e r e f f i c i e n c y t h a t can he obta ined by us ing t h e shroud 
design method given in t h i s r e p o r t , i t would be d e s i r a b l e t o run wind 
t u n n e l t e s t s on a p rope l l e r - s h roud combination designed by t h i s method 
and compare t h e r e s u l t s wi th previous t e s t s . 
From p r a c t i c a l c o n s i d e r a t i o n s , a s t r i c t l y s t a t i c t h r u s t shroud 
has l imi ted a p p l i c a t i o n s . The o t h e r extreme, a high speed d e v i c e , can 
be viewed in t h e same l i g h t . A p o s s i b l e c o n t i n u a t i o n , o r an ex tens ion 
of t h e work undertaken h e r e , i s t h e i n v e s t i g a t i o n of a p r o p e l l e r - s h r o u d 
combination des ign which would f u l f i l l both s t a t i c t h r u s t and high speed 
requirements or would y i e l d a compromise s o l u t i o n . 
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Table 1. F i n a l Computed Values , T h e o r e t i c a l Shroud 
Point -J|U Point „ J L _ Point _ J t _ 
E-2 941 G~5 835 C-3 1094 
D-2 988 c~4 1048 A- 2 l / 2 881 
C-2 930 F-5 952 A- 2 5/L00 830 
A-2 8i£ E-5 1028 A ' - 2 l / l 0 846 
E-6 908 D-5 1023 A 1 - 2 1/2 850 
B-4 976 D~4 1151 
G~3 834 B-3 945 
A' -2 81? F~4 1/2 997 
E - l 449 E-4 1/2 1117 
D - l 448 A-3 911 
C - l 502 A ' ~ 3 862 
H-3 579 C'~3 840 
G-2 432 C1 -2 832 
H~4 621 B'-5 853 
G-4 928 B'-2 845 
1. See Figure 12(h) for r e f e r ence system used. 
2 . Values shown, inc lude Y va lue due t o bound vo r t ex s t r e n g t h 
d i s t r i b u t i o n and Y0 combined, computed as shown in example computat ion, 
s 
Appendix. 
5„ Points, above, are considered minimum number to determine 
form desired (other points, not shown, were plotted in sample computation 
of Appendix). 
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T a b l e 2. F i n a l Computed V a l u e s o f "f f o r V o r t e x Ring P a i r s 
(300) (300) (300) (100) (100) (100 ) (75 ) 
P o i n t 
-12 -30 
(S) 






D-2 -15 + 54 +03 -15 -09 -10 
C-2 + 18 +54 -09 -22 -14 +04 - 0 4 
A-2 -06 0 0 -08 -04 -06 + 12 
E-6 0 - -27 - - -
B~4 - 5 1 -30 -15 -28 - 2 1 - 2 1 
G-3 -09 -24 +06 +32 - 5 1 + 57 
A1 -2 -12 0 0 -06 -05 -03 +04 
E - l -06 + 03 -03 + 04 +06 + 04 
D - l -12 +06 0 -05 - 0 1 + 05 
C - l +09 +06 -03 -04 -04 -03 
H-3 + 15 -09 -09 +02 + 02 +06 
A ' » 2 1/2 -03 -09 0 -06 -03 -06 + 07 
G-2 -06 +45 + 12 +03 + 15 + 14 
H-4 -15 +45 -15 -07 -12 -03 
G-4 -15 -03 -30 - 1 1 -04 + 06 
G-5 -12 -24 -42 -19 -4o -32 
C-4 -69 »T8 -48 -37 -26 -15 
F-5 -09 -27 -30 -30 -34 -63 
E-5 -33 -33 -12 -48 -56 -66 
D~5 -15 -42 -12 -48 - 5 1 -45 
D~4 -33 -27 0 -52 -55 -55 
B-3 -63 -42 -12 -16 -20 -13 + 11 
F-4 1/2 0 0 - -30 -30 -74 
E-k 1/2 -39 - -06 -57 - 2 8 -77 
A-3 ~45 -15 -03 -18 -14 -16 
A ' - 3 -15 -18 -06 -09 -07 -07 
C '^3 -06 -12 -12 -05 -05 -02 
C1 -2 »06 -03 -03 -04 -05 - 0 1 
B ' - 3 -24 -09 -03 - 0 8 -06 -03 
B ' - 2 -08 -06 + 03 -04 -02 - 0 1 
C-3 -60 -72 -36 -30 -20 -03 -05 
A-2 l / 2 »30 -12 -15 -08 -08 - 0 1 +07 
A-2 5 / l 0 0 -06 0 0 -09 -03 -02 +o4 
A1 -2 1/10 =12 0 0 -06 -02 -02 -02 
1. R e f e r e n c e s y s t e m a s shown i n F i g u r e 12 (g ) 
2 . F i g u r e s i n p a r e n t h e s i s a r e s t r e n g t h s o f v o r t e x r i n g p a i r s o f 
c i r c l e d l o c a t i o n s shown i n columns a b o v e . L a s t co lumn, (AJ) , i s t h e 
v e r t i c a l l y p o s i t i o n e d p a i r a s shown i n F i g u r e 1 2 ( g ) . 
3 . A l l columns a r e t h e combined e f f e c t s of t h e p a i r ind ica ted 
in p a r e n t h e s i s . 
4 . Only po in t s inf luenced by v e r t i c a l p a i r a r e shown in (AJ coiumsn. 








A1 -2 805 















E-4 1/2 874 
A-5 800 




B ' -3 800 
B ' -2 823 
C-3 868 
A-2 1/2 807 
A-2 5/100 822 
A' -2 1/LO 824 
A1-2 5/10 819 
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Inner contour of shroud 
Shroud c o n t o u r e x p a n s i o n a n g l e 
T r a i l i n g edge 
Figure lfl Shroud Contour Expansion Angle„ 
2k 
Rr 
Useable por t ion of 
theore t i ca l shroud 
Note: Inner contour of the above shroud has been f i t t e d to the 
desired inner contour of a known wing section,, 














\|r = 7tr 7 
7 f 
2 
Y s ' o 
REGION A: Ys 
REGION Bs \|r' = \|r- - \|r T 7 Y s 
NOTEs From symmetry considerations, 
the table value must be sub-
tracted from7T in the region 
below the sink plane and out-
side the wake. 
Figure 3• Regions of the Flow Field. 
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I MM i 1 I hill 'I 
Assumed vor t ex 
c y l i n d e r 
V «s 0 (hovering) 
Figure ko S t reaml ines f o r Wake Cons i s t ing of Uniform Vortex Cyl inder . 
o„2 oh 06 .8 i-.o 
1«2 LA 1,6 2 £ 
lo8 2„2 
Assumed vor tex 
c y l i n d e r 
V v - t 
Figure 5 St reamlines for Wake Cons i s t ing of Uniform 
Vortex Cylinder. , 
28 
Actual expansion angle 








Figure 6° Shroud Contour Expansion Angle Measurement 
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Eaired curve 
xx Computed, points 
















Trail ing edge 
Figure 9„ Shroud Bound Vortex Strength Distribution,, 
32 
Figure 10 „ Shroud Form Including Shroud Bound Vortex Strength 
Distribution,, 
33 
Shroud form prior 
to fitting 
xx Schematic representation of 
several of the probable locations 
of vortex ring pairs used in 
the fitting process„ 
NOTE: Dashed inner contour represents 
a selected, or computed wing 
section to which the inner con-
tour of the original theoretical 
shroud is fitted 
Figure 11. Example Locations of Vortex Ring Pairs. 




^ T r a i l i n g edge 
( s e l e c t e d r e fe rence p o i n t ) 






7 Wake boundary 
Figure 12(a)a Reference Points, Sample Computationa 
35 
Position found to 
"be best suited from 
i te ra t ing through 
a l l pcrsltiona shown 
Location of vortex 
rings along assumed 
mean camber line,, 
Trail ing edge 
<-
Wake boundary,, 
12(b)o I t e ra t ion Posi t ions , Sample Computation,, 
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J 
I R ( ru - 2070* 
r—-* / 
R0 = 2o0 
R o(r 3) - 2035' 
* R 0 ( r 2 ) - 2.205' N 
s 
r 
Ro(r i) - 2.095' ' Ji 
K 
i 
F i n a l p o s i t i o n of curved 
mean camber l i n e 0 Dashed 
l i n e s show two p o s i t i o n s 
checked wi th curved'mean 
camber l ine Q 
T r a i l i n g edge 
<r Wake "boundary 
Figure 12(c) 0 F i n a l I t e r a t i o n P o s i t i o n . Sample Computation„ 
37 
0= computed points* Sufficient length of inner contour is plotted to 
determine the shroud contour expansion angle: 9: tan 1 _ oi67 e - 9 ° 3 0 
Figure 12(d), Computed P o i n t s , Sample Computation0 
38 
(i Mean camber l i n e 
Extension of mean 
camber line 
Inner contour 
Criteria in selecting four digit 
standard air foil, or computing 
one, is to select one whose 
thickness will not exceed that 
of the theoretical shroud, when 
the standard airfoil section is 
laid along mean camber line of 
shroud a 




Compute a i r f o i l section from y(measured) - o75' 
Translated, computed section along f ina l ly determined mean 
camber l ine (inner contour) 
Figure 12(f) „ Computed Wing Section, Sample Computation,, 
ko 
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X 7 l 
D 
•v- i j ^ 
C 
v tf ($) and A 
B 
A V 2 . 0 1 
A9 
B' _̂ 1—I _ _ i J J _ J { 
Pairs at p o i n t s ® , ®, © positioned as shown with vortex ring strength « 
300 each* Pairs at p o i n t s @ ®, @ positioned as shown with vortex ring 
strength «. "100 eacho Final pa i r positioned at (A) (denoted as c i rc les in 
Figure above); strength ~ 75 posit ions shown are to scale of: 1 square 
1.00" (+) rings a l l on l e f t , (-) rings on r igh t ; v e r t i c a l pairs (-) on 
top, (+) on bottom 





















Sample C a l c u l a t i o n . ^ - T h e d e t a i l e d c o m p u t a t i o n s o f t h i s example a r e c o n -
s i d e r e d t o o vo luminous t o b e i n c l u d e d in. t h e i r e n t i r e t y ; t h e r e f o r e o n l y 
a minimum o f example c o m p u t a t i o n s a r e shown h e r e , w i t h more c o n s i d e r a -
t i o n g i v e n t o e x p l a n a t i o n o f p r o c e d u r e s u s e d . 
The g e n e r a l a s s u m p t i o n s o u t l i n e d i n C h a p t e r I h o l d i n t h e f o l -
lowing sample c a l c u l a t i o n and f u r t h e r i t i s assumed t h a t i t i s d e s i r e d 
t o des ign, a p r o p e l l e r - s h r o u d c o m b i n a t i o n f o r a p r o p e l l e r t h r u s t o f 5 
/ 2 1 
l b s / f t and a wake r a d i u s o f 2 f t <, 
porR 2y 
- p jtRQ v - ••••• -̂  where p « „002378 s l u g s / f t " 
2 ( 5 ) * R o
2 
s ec ~Z I 7 s 6 5 / f t 
002378 *R 2 7 ' 
o 
P 2 x 
^ ( o f t h e u l t i m a t e wake) e 3cRQ 7 « # ( 2 ) ( 6 5 ) ; t
 s 816 f t 5 / s e c 
As a b e g i n n i n g p o i n t i n t h e d e s i g n of a t h e o r e t i c a l , s h r o u d f o r 
t h e above c o n d i t i o n s , s e l e c t a r e f e r e n c e p o i n t , t h e t r a i l i n g edge o f 
t h e s h r o u d , a s shown, i n F i g u r e 1 2 ( a ) . 
2 ^n2? 
S i n c e ty e jt BQ v ~ _ i i — a t t h e t r a i l i n g e d g e , t h e amount 
o f f l u i d needed t o a d j u s t t h e d e f i c i t t o z e r o a t t h i s p o i n t i s 
f t 5 / sec 
I t s h o u l d be n o t e d t h a t t h e s h a p e and c o n t o u r o f s t r e a m l i n e s a r e 
i n d e p e n d e n t o f d i s k l o a d i n g due t o t h e f a c t t h a t no f r e e s t r e a m v e l o c i t y 
e x i s t s o 
hh 
Select three points "below the horizontal plane containing the 
selected reference point, the trailing edge, (denoted as points a$ b, 
and c in Figure 12(a) ) and compute the deficit at each point. This 
deficit quantity will be computed for one point, point 2 only, as an 
example„ 
Since the uniform vortex cylinder is replaced by a uniform 
distribution of sinks over a disk (Figure 12(a) ), Table 17 of refer-
5 2 
ence 1 may be used to obtain A\|r = .96 for x/R ~- "r and r/R ~ — . 
Hbte that point a is below the sink disk plane, hence, from symmetry 
considerations, as indicated in Figure 3> this value must be subtracted 
from jt . Then 
\|f = (3.1*4- - .9Q7R 2 - 5̂ 1 ft5/sec 
s ^ 
X 
\|r(total) was determined as 8l6 ft /sec. 
3/ 
Therefore, deficit at point a is 8l6 ~ 5H-1 ~ 275 ft'/sec 
In a similar manner, the deficit of any point along the wake boundary 
may be computed. It is to be noted that the amount of deficit diminishes 
below the sink disk p]ar.e, approaching zero in the ultimate wake, and 
that the deficit existing along the wake boundary must be adjusted to 
zero at each point by the designed shroud, if the shape of the wake is 
to remain cylindrical. 
Next, the distribution of bound vortex strength along an assumed 
mean camber line must be made. For this example, assume a straight 
line length of 2 feet from the trailing edge to the position of the 
furthermost vortex ring position^ f\ (see Figure 12(b))G As discussed 
5̂ 
in. Chapter II> a suitable distribution was one as shown in Figure 9, 
determined as follows 
2 
*R 7 
Deficit at the trailing edge s ° >-, 
2 
Four vortex rings, spaced at B.Q/k intervals (or less for greater 
accuracy) along the mean camber line, are used here. Therefore, the 
deficit to be made up by each of the rings is 
— g — s 102 fty sec 
The s t r e n g t h of p i s computed, he r e , as an example, us ing mean 
camber l i n e p o s i t i o n as shown, in Figure 1 2 ( c ) . Table 3 of r e fe rence 
1 g ives a va lue of Ai|r c o n t r i b u t i o n t o the t r a i l i n g edge of 
Ai|r - -575/uni t rad ius o r Ai|r = .575(2°35) = 1.353 
Then, 
f^ - 102/1-353 - 75-2 
In a s i m i l a r manner P , P , and P , can be computed0 
Then P± - 32.5 P - 52-5 P ^ - 75-2 P ^ - 96»7 
With t h i s d i s t r i b u t i o n , each of the p o s i t i o n s shown in Figure 12(b) 
were , in. turn., checked t o determine which .most n e a r l y f u l f i l l e d wake 
and expansion angle cond i t ions . The ind ica ted p o s i t i o n of Figure 1.2(b), 
was found most s u i t a b l e . The end po in t s of t h i s l i n e , t h e n , were f i t t e d 
p 
t o a pa rabo l i c curve , y = ax , and again, checked for one p o s i t i o n on 
each s i d e of t h e p o s i t i o n ind ica ted in. Figure 12 (b ) . The r e s u l t i n g 
mean camber l i n e was one as shown in Figure 1 2 ( c ) . A l l p o i n t s shown 





r/Ro A*RQ A^R0r * s + B
 + *r r l r t 
f l »35.9 1.^35 l . i 3 ( 2 . 0 9 3 ) 76.6 x/Ro - ^ 2 5 . 
r2 .113 1/360 loI t5(2.205) 16.80 r/RQ - 3 /2 
r5 .106 lo270 1 . 0 ( 2 . 3 5 ) 288.0 A*B - .88 
r\ .278 1.110 1.49(2.70) 389.0 (.88)( rn0
2h 
Totals 921.6 229 1151 l . 4 l 
An iriD.er contour shape as shown in F igure 12(dJ r e s u l t e d for t h e \|r t o t a l 
s t ream su r f ace . 
F i f t ing Pro c edur e . - -A maximum t h i c k n e s s , measured pe rpend icu la r t o t h e 
mean camber l i n e , i s now determined for t h e inner contour of F igure 
12(e) which w i l l permit the shroud contour expansion angle a s l i g h t 
( a r b i t r a r y amount) inc rease in t h e f i t t i n g p r o c e s s . 
In t h i s example, a MCA 6% "021 a i r f o i l s e c t i o n could have been 
used. However, t h i s a i r f o i l would not have permi t ted much room for 
expanding t h e inner contour of t h e t h e o r e t i c a l shroud in to t h e s tandard 
a i r f o i l . There fore , i t was decided t o compute an NACA four d i g i t wing 
s e c t i o n from t h e formula given in re fe rence k. 
y(measured) = .75 f t and c(approximated) = 2 .8 f t . 
0l26x - -3516*
2 + .2843x3 - .1015* J 
from re fe rence k. 
From t h e above t 
2.8 
535 
± yt * •% [2969 J*~ 
r = 1.019t 
t 
^7 
g i v i n g a n a i r f o i l o f d e s i r e d t h i c k n e s s w h i c h , now, i s l a i d a l o n g t h e mean 
camber l i n e d e t e r m i n e d e a r l i e r and t o which t h e i n n e r c o n t o u r o f t h e 
t h e o r e t i c a l s h r o u d i s now f i t t e d ( f i g u r e 1 2 ( f ) )•, 
V o r t e x p a i r s o f s t r e n g t h s and p o s i t i o n s a s shown i n F i g u r e 12 (g ) 
were p o s i t i o n e d a l o n g t h e mean camber l i n e 0 B e g i n n i n g from t h e t o p and 
w o r k i n g down, t o w a r d t h e t r a i l i n g edge a l o n g t h e mean camber l i n e , a 
t r i a l and e r r o r p r o c e d u r e was u s e d t o f i t t h e i n n e r c o n t o u r o f t h e 
t h e o r e t i c a l , s h r o u d t o t h e i n n e r c o n t o u r o f t h e computed sh roud„ The 
e f f e c t s o f a l l p a i r s o f v o r t e x r i n g s we re computed f o r a l l p o i n t s 
shown i n F i g u r e 12 (d ) and s u p e r i m p o s e d on t h e o r i g i n a l f low f i e l d „ Fo r 
example , r e t u r n i n g t o p o i n t D~4, u s e d e a r l i e r a s an example p o i n t ; At 
D - 4 , t h e o r i g i n a l \|/ v a l u e from sh roud bound v o r t e x d i s t r i b u t i o n ^ I I 5 I 
E f f e c t o f v o r t e x p a i r p l a c e d a t A, F i g u r e 1 2 ( g ) i s -33 
E f f e c t of v o r t e x p a i r p l a c e d a t B, F i g u r e 1 2 ( g ) i s - 2 7 
E f f e c t o f vor tex , p a i r p l a c e d a t C, F i g u r e 1 2 ( g ) i s 0 
E f f e c t o f v o r t e x p a i r p l a c e d a t D, F i g u r e 1 2 ( g ) i s -52 
E f f e c t o f v o r t e x p a i r p l a c e d a t Es F i g u r e 1 2 ( g ) i s -55 
E f f e c t o f v o r t e x p a i r p l a c e d a t F, F i g u r e 1 2 ( g ) i s ~55 
E f f e c t o f p a i r p l a c e d a t A i n a v e r t i c a l p o s i t i o n °°̂ -5 
T o t a l 884 
D i v i d i n g by ^ t ( 8 l 6 ) : ~~~ - 1 .08. 
R e p e a t i n g t h e above f o r e a c h p o i n t shown, i n F i g u r e 1 2 ( d ) , and p l o t t i n g 
t h e r e s u l t s , a s h r o u d form, such a s i s shown i n F i g u r e 1 2 ( h ) i s d e t e r -
mined o 
The f i n a l v a l u e s of computed p o i n t s , f o r t h e above sample c a l = 
c u l a t i o n , a r e i n c l u d e d in. t h i s t h e s i s a s T a b l e s 1 , 2 , and 3° 
kQ 
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